The effects of sulfonylureas on the production of plasminogen activator (PA) and antiactivator (PAI) were investigated using bovine aortic endothelial cells. All compounds studied stimulated PA release (1.3-to 5.2-fold), with glipizide being the most potent, followed by tolazamide, chlorpropamide, and tolbutamide, in that order, while glyburide was the least effective. Both tissue-type and urokinase-type PA production was enhanced. Studies using metabolic inhibitors indicated that both RNA and protein syntheses are required for the sulfonylureamediated stimulation of PA release. In addition to continuous release of the two PAs, there was also a continuous release of a single PAI, which did not show an increase after the sulfonylureas. These results suggest that, in addition to their beneficial effects in the treatment of diabetes mellitus, some sulfonylurea compounds may also have significant thrombolytic effects. These results also suggest that pharmacological enhancement of PA production by vascular endothelial cells may be a promising antithrombotic mechanism.
Introduction
The plasma fibrinolytic system is responsible for the in vivo lysis of blood clots. Circulating plasminogen activators (PA),' which are essential for the normal activation of the fibrinolytic system (1), have been thought to originate mainly from the vascular endothelium (2, 3) . In addition to normal levels of PA, normal fibrinolytic activity depends on normal levels of plasminogen and is modified by inhibitors of plasmin and PA and by the affinity of these proteins to the fibrin clot (1, 4) . Decreased fibrinolytic activity of plasma has been found to be associated with an increased risk of thromboembolic events in both the venous and arterial systems (5) . The underlying cause in many instances appears to involve abnormally low levels of circulating PA. However, in spite of this association between low levels of PA and enhanced thromboembolic risk, there is limited data available regarding the mechanisms responsible Receivedfor publication 4 August 1986 and in revisedform 13 October 1987. 1 . Abbreviations used in this paper: BAE, bovine aortic endothelial (cells); PA, plasminogen activator, PAI, plasminogen activator inhibitor; tPA, tissue plasminogen activator; UK, urokinase. for the regulation of PA synthesis and its release into the circulation (6, 7) .
Sulfonylurea compounds have been widely used clinically as oral hypoglycemic agents because oftheir stimulating effects on the secretion of insulin by the beta cells of the islets of Langerhans in the pancreas. In addition to this pharmacologic effect, they have also been shown to have a fibrinolytic effect (6, 8, 9) . The sulfonylureas that have been reported to enhance plasma fibrinolytic activity in man include tolbutamide, chlorpropamide, and gliclazide. In fact, these agents have been shown to elevate the low fibrinolytic activity often observed in diabetic patients (10). In studies on the effects of sulfonylureas on the fibrinolytic system, the fibrinolytic effect has been determined by clot lysis tests. Since such tests do not enable mechanistic interpretations, the mechanism of action underlying the fibrinolytic effect of sulfonylureas is not known.
The purpose of the present investigation was to elucidate the mechanism of action of the enhanced fibrinolytic effect of the sulfonylureas using cultured bovine aortic endothelial cells. The underlying hypothesis was that the sulfonylureas stimulate the synthesis and secretion of PA from these cells. Such a mechanism, in addition to providing additional benefits to diabetic patients, might be a promising new antithrombotic drug mechanism.
Methods
Materials. Purified melanoma tissue plasminogen activator (tPA) ( 11) and urokinase (UK) were a gift from Dr. H. Berger (Burroughs Wellcome Co., Research Triangle Park, NC). The tPA was standardized against an international standard and contained 30 U/ml. Plasminogen was prepared from human plasma by affinity chromatography on lysine-Sepharose (Sigma Chemical Co., St. Louis, MO) as previously described (12) 17 mM NaHCO3 and 1% (vol/vol) antibiotic-antimycotic mixture (penicillin, streptomycin, and amphotericin B; Sigma Chemical Co.).
Cell culture. Bovine aortic endothelial (BAE) cells were isolated by scraping and cloned using a ring method as described (13), with minor modifications. Cells were grown in DME culture medium containing 10% heat-inactivated FCS and 2 mM glutamine. Cell growth was supported with 50 ng FGF/ml (14). The cells were incubated at 370C in a humidified 95% air/5% CO2 atmosphere. They were routinely passed with a split ratio of 1:10. The cells exhibited typical endothelial cell morphology, involving confluent monolayers of polygonal, closely aposed cells with "cobblestone" morphology, and stained positively for factor VIII-related antigen (15). BAE cells at passages 13-17 were used in these studies. The PA profiles did not exhibit qualitative differences at the different passages studied. Furthermore, cell cultures at earlier passages (passages 3, 5, and 8) exhibited the same PA profiles and showed similar responses after the sulfonylureas.
The endothelial cells used in the experiments were plated at 3 X 104 cells/well on Costar 24-well tissue culture plates and grown without FGF support in a culture medium containing 10% heat-inactivated FCS. Confluence, verified by a plateau growth curve and featured with a mosaic "cobblestone" pattern, was usually achieved at the fifth or sixth day after cell inoculation. Cell density at confluence was 5.5 X 104 cells/cm2. The confluent cultures were washed once with DME and the medium replaced with 0.45 ml of the same medium and 50 Ml of a sulfonylurea compound (final concentration l0-4 to 10-" M). Control cultures contained DME alone or DME containing 0.05% ethanol or 0.001 N NaOH; the latter were for experiments where the sulfonylureas had to be dissolved in these solvents. Controls containing ethanol and NaOH under the experimental conditions did not affect PA activity as compared with the cultures containing only DME. For the dose-response studies, cultures were incubated for 24 h, while for the time course studies cells were incubated with the sulfonylureas at 10-8 M for 2, 6, 12, 24, and 48 h. After harvesting the conditioned medium, the cultures were rinsed twice with ice-cold PBS and lysed with 150 M1 of 0.75% SDS in 100 mM Tris-HCl, pH 7.4. Samples were frozen at -20°C until analyzed for extracellular and cell-associated PA Standard curves were generated for each 96-well plate, consisting of tPA concentrations of 1-10 (in increments of 1 mU per well), 12, 16, unknown samples were made in DME. The plate was then incubated at 370C on a water bath for 2 h. Fibrinolysis was measured as the percentage of total releasable radioactivity released into the assay buffer. Total releasable radioactivity was determined as the sum of radioactivity released into the buffer and radioactivity released after treatment with 100 Ml of 1 mg/ml trypsin for 15 min at 370C. The standard curves were usually linear between 10 and 65% of the total releasable radioactivity in the well, corresponding to a range of 1-10 mU of tPA. Plasminogen-independent release was approximately 5%, as based on the intercept values. Calibration curves were constructed using linear regression analysis (r > 0.99), and the secreted and cellular PA activities of unknown samples were computed from these curves. Calibration curves for UK were similar to those for tPA. A typical standard curve under the experimental conditions described is presented in Fig. 1 .
SDS-PAGE. To determine whether tissue-type PA or UK, or both, contributed to the observed increases in PA activities after the sulfonylureas, conditioned media from control and sulfonylurea-treated samples were subjected to SDS-PAGE using a modification of previously described methods ( 19, 20) . 10% acrylamide gel was used (slab size 60 X 90 X 1.5 mm) and copolymerized with 0.1% gelatin in the presence of 0.001% plasminogen purified from human plasma. After the run and treatment with Triton X-100 to remove SDS, PA activity was restored after the incubation in 0.1 M glycine buffer, pH 8.3, for 3-5 h, and zone lysis was visualized by staining with amido black. No lysis zones were observed in the absence of plasminogen. The molecular weight markers used, phosphorylase b (94,000), bovine serum albumin (67,000), ovalbumin (43,000), carbonic anhydrase (30,000), and soybean trypsin inhibitor (20,000), were obtained from Pharmacia Fine Chemicals (Piscataway, NJ).
Immunoprecipitation. The identity of the PA species observed on the SDS-PAGE zymograms was further determined using immunoprecipitation methods. The conditioned medium, standard human melanoma tPA, and human UK were incubated at -40C for 4 h or overnight separately with goat normal IgG, goat anti-human UK, and antimelanoma tPA IgGs in 0.1 M Tris-HCl and 1 mM EDTA, pH 8.0, containing 0.1% SDS. All IgGs were in a final concentration of 200 ,Mg/ml. The rabbit anti-goat IgG was then added in a 10-fold excess of the goat IgGs to the samples, and incubated at -4°C for 4 h or overnight. The formed precipitates were washed by vortexing three times with l-ml aliquots of the same Tris-EDTA buffer. The washed pellets were then dissolved with 5% SDS in water and subjected to SDS-PAGE with copolymerized plasminogen and gelatin as described above.
Reversefibrin autography. Potential PA inhibitors (PAI) released from the endothelial cells were evaluated by the reverse fibrin autography method as described (21, 22) with minor modifications. The slab gel (60 X 90 X 7.5 mm) was soaked with 2.5% Triton X-100 at 37°C for 1 h after the run to remove SDS. The gel was then applied to the fibrin-agar indicator film consisting of 2.5 mg/ml human fibrino- Sulfonylureas and Plasminogen Activator Release 731
gen (Kabi grade L), 0.2 U/ml thrombin (Sigma Chemical Co.), 1% low molecular weight agarose (Bio-Rad Laboratories), 25 gg/ml purified human plasminogen, and 0.5 U/ml UK. All these materials were prepared in PBS, pH 7.4. The indicator film was incubated at 370C in a moisture chamber and the lysis-resistant zones developing on the gel were photographed against a black background after 2-3 h of incubation.
Results
Kinetics ofPA activity. The accumulation of extracellular and cell-associated PA activities from control and sulfonylureatreated cultured BAE cells was investigated after incubations of different durations. Fig. 2 shows the time course of PA activity in the supernatant medium in the presence of the five sulfonylureas at concentrations of 10-8 M. There was a clear lag time of -6 h in PA secretion, but subsequently there was a continuous release and accumulation of PA with time for a period of up to 48 h. This was also seen for the control BAE cell cultures. At all time points after 6 h the sulfonylureatreated cultures secreted significantly more PA than the control cultures. However, there was no apparent lag time in cellular PA activity, and differences in cellular PA activity between control and sulfonylurea-treated cells were not seen until after 24 h of incubation (Fig. 3) . Comparisons between extracellular and cell-associated PA showed that the enhancement in cellular PA was minor, indicating that most of the increased production of PA was secreted into the culture medium (Fig. 4) . The observations from the time course studies also indicated that the confluent cells incubated with DME were viable beyond 48 h. Based on these data the dose-response studies for all sulfonylureas were performed using 24 hour long incubations.
Concentration-response relationship. The relationships between concentrations of the five different sulfonylureas and the increases in PA secretion were determined using a series of concentrations ranging from 10-4 to 10-11 M and confluent BAE cells after 24-h long incubations. The released PA activity in the control cells at that time was 32.4±3.0 U/mg cellular protein (mean±SEM, n = 6). As is shown in Fig. 5 , all of the sulfonylureas tested enhanced the amount of PA activity released into the medium in a dose-dependent manner. However, there was an apparent difference among these compounds. For glipizide, tolazamide, and chlorpropamide, the dose-dependent increases in secreted PA activities reached 0.5% has been reported to enhance PA release from endothelial cells (23). Table I shows the relative potency of the five sulfonylurea compounds tested. The comparison is based on the maximum effect elicited by each compound compared with the PA activity released from the control cells. Glipizide was the most potent compound, causing more than five-fold increase in the PA release at a concentration of IO-' M. Tolazamide, chlorpropa- Increases in cell-associated PA were also observed after treatment with the sulfonylureas. At 24 h the cell-associated PA activity in the control cells was 9.7±2.7 U/mg protein (mean±SEM; n = 7), indicating that at that time the cell-associated PA activity is less than one-third of that in the supernatant medium. The average PA activities at that time for the three most potent sulfonylureas, i.e., glipizide, tolazamide, and chlorpropamide, over the concentration range of 10-6 to 10-9 M were 14.6±1.1, 16.4±1.3, and 14.5±2.0 U/mg protein, respectively. These increases in cell-associated PA represent only 1.5-1.7-fold increases over the control values, which is a much smaller increase than that observed for the released PA, which was four-to fivefold for these agents. This difference in relative increases in released and cell-associated PA activities is illustrated in Fig. 6 , which shows the time course of PA activity relative to control for both released and cell-associated PA activity after treatment with 10 nM glipizide. Although the two time courses are similar, the one for released PA activity is about three times as high as that for cell-associated PA activity.
Effects ofmetabolic inhibitors on PA activity. The increased synthesis and secretion of PA activity by the sulfonylureas was inhibited after coadministration of actinomycin D or cycloheximide (both 4 ,g/ml). Cell viability under these conditions was confirmed by trypan blue exclusion experiments. Table II shows the results when the three most potent compounds were tested. It can be seen that the secretion of PA was inhibited by 70-80%, while the cell-associated PA was inhibited by 50-60%. This decrease in both secreted and cell-associated PA activities indicates that both RNA and protein synthesis is required for the sulfonylurea-mediated stimulation of PA secretion.
PA zymography. Fig. 7 shows a SDS-PAGE gel of the PAs released from the BAE cells into the supernatant medium. These gels have plasminogen and gelatin copolymerized enabling visualization of lysed bands corresponding to the approximate molecular weights of the individual plasminogen activators. In addition to accumulative activities observed for both control and tolazamide-treated cells after incubations for 16, 24 , and 36 h, multiple forms of PA produced by BAE cells were noted. The same PA pattern was observed for the other sulfonylureas. Both the control and sulfonylurea-treated cells secreted four distinct PA species. The PA pattern in whole-cell lysates was similar to that of the conditioned medium (data not shown). None of these comigrated with UK, but a band with an apparent molecular weight of 55,000 corresponded to purified melanoma tPA. Two upper bands were observed with apparent molecular weights around and > 90,000; these are likely to represent PA-inhibitor complexes. The major band on the zymogram, however, corresponded to an apparent molecular weight of -40,000. All of the bands seen on the gels for both the control and sulfonylurea-treated cells exhibited an increase in the lysis zones with time. Similarly, all ofthe bands increased after sulfonylurea treatment. This SDS-PAGE analysis provides evidence that the enhanced PA activity observed with the 1251-fibrin plate method was due to the increased levels of the PA species.
Immunoprecipitation. The identity of the PA species was determined by immunoprecipitation experiments followed by SDS-PAGE zymography. Fig. 8 PA activity (lane 2). Of additional interest is the narrow lysis band in lane 4, i.e., immunoprecipitated by the anti-UK antibody, with a molecular weight of approximately 90,000. This band most likely represents a UK-like PA-PAI complex. It should also be noted that a similar band could be detected in lane 3, i.e., immunoprecipitated by the anti-tPA antibody, if large volume of conditioned medium was loaded on the gel. These immunoprecipitation experiments thus indicate that the BAE cells secrete both tPA-and UK-type PA. Immunoprecipitation experiments were also carried out, where the conditioned medium was incubated with different dilutions of the above specific antibodies and then subjected to the 251-fibrin plate assay. The results of these precipitation experiments further supported the existence of both tPA-and UK-type PA species as specific antibody-dependent decreases in PA activity were observed, in agreement with the above SDS-PAGE zymography findings (data not shown).
Reverse fibrin autography. Both control cells and cells treated with the sulfonylureas continuously secreted a single PAI species with a molecular weight of -45,000. Fig. 9 shows a typical PAI zymogram obtained from the conditioned medium of control cells and cells treated with 10 nM glipizide, which typically resulted in a visible decrease in the size of the opaque band corresponding to PAI, after both 24-and 48-h incubations. Similar results were also observed after the other sulfonylureas. Although the apparent reductions in PAI activity were not in proportion with the enhancements in PA activity, these observations nevertheless suggest that the sulfonyl- urea-mediated enhancement in PA activity may be contributed to by a decrease in PAI formation. Separate studies were carried out to investigate whether a fast-acting PAI was released from the cells. This involved mixing of the conditioned medium immediately after harvesting with the tPA and UK standards, which were added in excess, followed by reverse fibrin autography and fibrin plate assay. No quenching effects were observed with either assay.
Discussion
Although decreased fibrinolytic activity has been described in diabetic patients (10, 24, 25) and hypoglycemic agents (6, 8, 9, 26, 27) have been shown to increase plasma fibrinolytic activity, the mechanism underlying the fibrinolytic effect of these agents has not been elucidated. The results of the present investigation using BAE cells have demonstrated that sulfonylureas stimulate the synthesis and secretion of PAs, and thus suggest that that is the mechanism of action for the in vivo fibrinolytic effect of the sulfonylureas. Time course studies in control and sulfonylurea-treated endothelial cells showed that after replacement with DME there was a delay of about 6 h before a significant increase in PA activity was observed; subsequently, there was an approximately linear increase in secreted PA with time. A similar delay has been described in thrombin-stimulated human endothelial cells (28) , retinoic acid-treated synovial fibroblasts (29) , and in synovial fibroblasts stimulated with mononuclear cell supernatant (17) . However, no such delay was observed in cellular PA activity. Apparently, only a small fraction of synthesized PA is stored in the endothelial cells, as evidenced by the finding that after 24-h-long incubation, secreted PA activity was 3.3 times as high as cellular PA. This is in general agreement with findings in other cells (28, 29) . Even after the sulfonylurea-enhanced rate of PA synthesis, there was only a modest increase in cellular PA compared with released PA. For example, glipizide at 10 nM caused 5.2-fold increase in secreted PA at 24 h but only 1.5-fold increase in cellular PA, or expressed another way, released/cellular PA ratio was 3.3 in control cells, but 11.6 after glipizide. Thus, these results indicate that most of the stimulated PA is secreted out of the cells, and that secreted PA best reflects the effects of factors influencing PA synthesis.
The present studies have shown that the mechanism of action of the sulfonylurea-enhanced PA release by the endothelial cells involves enhanced RNA and protein synthesis. Coadministration of actinomycin D and cycloheximide resulted in significant reduction of sulfonylurea-induced PA release. As sulfonylureas are used clinically for their hypoglycemic effect and they have been shown to increase fibrinolytic activity in vivo, it could be proposed that the fibrinolytic effect is mediated by changes in plasma insulin. However, the present cell culture studies, which were carried out in insulinfree medium, clearly indicate that the sulfonylureas have a direct action on endothelial cells to enhance the rate of synthesis of plasminogen activators. It should also be noted that preliminary studies with phenformin, a biguanide hypoglycemic agent, which has been reported to enhance fibrinolytic activity in vivo (6, 27) , was also found to enhance PA release from BAE cells (Kuo, Dryjski, and Bjornsson, unpublished observations); whether its effect involves the same mechanism of action as that of the sulfonylureas remains to be elucidated.
Of the sulfonylureas investigated, glipizide was the most potent, causing as much as a 5.2-fold increase in released PA activity, while glyburide was the least potent, causing only a 1.3-fold increase in released PA activity. This difference in itself is of considerable interest as chemically these two compounds differ only in the end ring structure of the nonsulfonylurea arm of the molecules; glipizide has a pyrazine ring, glyburide a methoxy-chloro-phenyl ring. The other three sulfonylureas only have a methyl or chloride substitution in place of these ring containing arms. Considering the similar hypoglycemic potencies of glipizide and glyburide, these structural differences suggest first, that there are different structure-activity relationships at work for enhancing insulin and PA secretion, and second, that the pyrazine-containing arm enhances the fibrinolytic potential of sulfonylureas, while the methoxychloro-phenyl ring inhibits it.
The fibrin plate assay used in this study, although sensitive and reproducible, does not distinguish between the different types of plasminogen activators made by the BAE cells and which may be induced by the sulfonylureas. However, zymogram studies using SDS-PAGE gels with copolymerized gelatin and plasminogen showed that no new species of endothelial cell-derived PA were induced by the sulfonylureas. Both control and sulfonylurea-treated cells produced four discernible bands on the zymograms. Similar multiple band PA profiles have been reported by other investigators (30, 31) . None ofthe lysis zones comigrated with standard UK, but one of the lysis zones on the zymograms corresponded to purified melanoma tPA, i.e., the 55,000-mol wt band (Fig. 7) ; its identity as tPA was verified by immunoprecipitation studies (Fig. 8) . The major band on the SDS-PAGE zymograms was the 40,000-mol wt band (Fig. 7) , which in immunoprecipitation experiments followed by SDS-PAGE zymography was shown to be a urokinase-type PA (Fig. 8) . Thus our results reflect primarily the effects of sulfonylureas on urokinase-type PA. This species is similar to that reported earlier by Laug (32) and Levin and Loskutoff (33) , who found this species to be the major PA species in BAE cells, and probably is a pro-urokinase (34). However, since tPA is thought to be the major circulating PA species in human beings (1), the extent to which sulfonylureas will stimulate tPA synthesis by the human vascular endothelium will require further investigation. Other higher molecular weight bands observed on the SDS-PAGE zymograms are likely to represent the respective PA-PAI complexes, in agreement with results of other investigators (21, 30, 31, 35) .
The results of the reverse fibrin autography studies showed continuous secretion of PAI for at least 48 h from both the control cells and the sulfonylurea-treated cells. This PAI spe-cies had a molecular weight of -45,000, which is similar to that reported earlier (21, 35, 36), and most likely represents a latent form that can be activated in the presence of denaturants (36). No significant amounts of the fast-acting PAI were detected in mixing experiments involving conditioned medium and the standard tPA and UK, followed by fibrin plate assay or reverse fibrin autography. This finding is in general agreement with a report by Hekman and Loskutoff (36) that > 95% of BAE PAI is in a latent form. The sulfonylurea treatment appeared to decrease the amount of released PAI as evaluated by the reverse fibrin autography (Fig. 9) . However, the present investigations do not allow further interpretation of the data, such as a possible decreased rate of synthesis of PAL. In this regard it is of interest to note that two sulfonylureas have been reported to normalize diabetic patients' fibrinolytic activity by decreasing PAI activity, as determined by a clot lysis test (9) . However, it is also possible that the sulfonylureas in the present cell culture studies might have altered the distribution of PAI between free species and PA-PAI complex species due to the increased amounts ofboth tPA and UK. Which mechanism is operative and how much changes in PAI secretion, if any, contribute to the overall enhanced PA activity remains to be elucidated.
In summary, the present studies have unequivocally demonstrated that sulfonylureas are potent inducers of PA synthesis and secretion by bovine vascular endothelial cells. Similar results have been observed in sulfonylurea-treated human iliac arterial and venous endothelial cells (Kuo, Dryjski, and Bjornsson, unpublished observations). These results suggest that this PA stimulation is the major mechanism of action underlying the in vivo fibrinolytic effect of these agents, although the present studies have not been conclusive regarding the contribution of a concurrent decrease in PAI secretion. These findings suggest that sulfonylureas may have significant antithrombotic effects, in addition to their hypoglycemic effects. Considering the disposition kinetics parameters and the usual clinical daily doses ofthe different sulfonylureas (37), the expected plasma concentrations ofthese agents are well within the effective concentrations found in these in vitro investigations. The results of the present studies also suggest that pharmacological enhancement of PA production may be a promising antithrombotic drug mechanism.
